The Meishucun Section (Yunnan Province, South China) is considered to be an important Precambrian-Cambrian boundary section, primarily because of its rich small shelly fossil record. In this article, we report the results of a sulphur isotope study of phosphate-bound sulphate from the Meishucun Section and several correlative sections in South China. Forty clastic, granular phosphorites from Meishucun yield tightly grouped 34 S values averaging 33‰ (CDT), which agree well with published evaporite data for the lower Cambrian of Siberia and elsewhere. We argue that these strongly positive values reflect the sulphur isotopic composition of ambient seawater, confirming further the existence of uniquely high 34 S values in the earliest Cambrian oceans. This novel use of trace-sulphate in phosphate to constrain seawater 34 S represents the first time that sulphate 34 S data for this period have been given precise biostratigraphic assignments. Superimposed on the overall trend are short-term, stratigraphic variations, which might reflect local variations in the sedimentary and early diagenetic environment. Our data, together with other published data, indicate that seawater sulphate 34 S rose from low values (15-20‰) during the pre-750 Ma Proterozoic to possibly all-time high values (>32‰) by the earliest Cambrian. We argue that this rise may, in part, relate to increases in the amount of sulphur isotopic discrimination during microbially mediated sulphate reduction as a result of increased sulphide reoxidation. On the other hand, the Neoproterozoic trend to high 34 S values appears to mirror a trend to decreasing seawater 13 C towards the Proterozoic-Phanerozoic transition, implying progressive increases in the efficiency of organic carbon recycling, which would normally be coupled with real increases in sulphate reduction on the global scale. We consider that both these changes in biogeochemical cycling derive ultimately from the introduction of macrofauna around this time and, in particular, from the influence of bioturbation on early diagenesis. Precise constraints on S-isotopic evolution during the Neoproterozoic require additional trace sulphate studies.
Over the last few decades there has been a concerted effort to constrain temporal variations in the isotopic composition of seawater around the Proterozoic-Phanerozoic transition. Carbon and strontium isotope studies have significantly improved Neoproterozoic-Cambrian stratigraphic correlation and calibration (Kaufman & Knoll 1995; Brasier et al. 1996) . By comparison, our knowledge of temporal variations in the sulphur isotopic composition of seawater sulphate has remained largely unaltered since the 1960s when it first became known that the Precambrian-Cambrian transition was accompanied by elevated 34 S values in seawater, (e.g. Thode & Monster 1965) . The aim of this study is to improve constraints on changes in seawater 34 S during Neoproterozoic-Cambrian time in order to compare this record with the better resolved 13 C and 87 Sr/ 86 Sr records. The establishment of a correctly calibrated sequence of isotopic events and trends will shed light on major changes in the surface environment as well as provide answers to some of the most intriguing questions in animal evolution, such as the origin of metazoans and animal biomineralisation in the Neoproterozoic. Holser (1977) related the phenomenon of positive 34 S excursions during the Phanerozoic (Precambrian-Cambrian, mid-Devonian and early Triassic) to the catastrophic influx of 34 S-enriched, saline waters from previously restricted basins during transgression. The early Cambrian event was given the name 'Yudomski event' after the rock successions in Siberia where evaporites of this age show uniquely high 34 S values (Pisarchik & Golubchina 1975; Pisarchik et al. 1977; Claypool et al. 1980) . Strongly positive 34 S values in evaporite sequences of comparable age in other areas such as southern Iran (Houghton 1980; Strauss & Deb, unpubl. data) , Oman (Mattes & Conway Morris 1990), Siberia (Strauss, H. unpubl. data) and India (Strauss & Banerjee 1998) have since confirmed this observation.
The Neoproterozoic record is much more sparse ( Fig. 1 ), making the timing of the late Precambrian rise to high 34 S particularly difficult to resolve. Strauss (1993) (Fig. 1) . These samples come from unit B1 of the Una Group, Irece Basin and lie about 400 m above glacial diamictites of the Bebedouro Formation, which is believed, on chemostratigraphic evidence, to be Sturtian in age (Misi & Veizer 1998) . Thirteen samples of sedimentary barite and gypsum yielded 34 S values between 25‰ and 32‰, with a mean value around 27.7‰. Seven pyrite-free samples yield a mean value of 31‰ which is considered by these authors to correspond more faithfully to ambient seawater. These data and coeval pyrite data (Ross et al. 1995; Canfield & Teske 1996) indicate that seawater 34 S had already risen from the long Proterozoic plateau of low values by the Vendian and was possibly as high or higher than the peak in the early Cambrian (>32‰) between 600 and 550 Ma (Lambert et al. 1987; Hall et al. 1991; Ross et al. 1995) . More sulphate data are clearly needed for this time period before firm constraints on the timing of this rise can be made.
Difficulties in resolving the late Precambrian 34 S rise derive from (1) the lack of suitable evaporite successions in the latest Proterozoic; (2) the inherent difficulty involved in correlating and dating evaporite suites using palaeontology; (3) the influence of non-seawater sources on evaporite 34 S such as freshwater influx (Pisarchik et al. 1977) and sulphate reduction within a closed basin, leading to disparity between evaporite sulphate 34 S values. In this study, we have taken an alternative approach to constraining seawater 34 S which involves the measurement of phosphate-bound sulphate. Phosphorite is particularly abundant close to the PrecambrianCambrian boundary in many parts of the world, especially in Asia (Cook & Shergold 1986; Shields et al. 1999) . The Meishucun Section, the main focus of our research, was proposed as the global boundary type section (Luo et al. 1984 ) and as such is well known palaeontologically. This article represents the first time that sulphur isotope data from this interval have been presented with such a precise biostratigraphic assignment.
Geological setting
The Sinian-Meishucunian (Neoproterozoic-Cambrian) sedimentary sections of South China (Fig. 2) have been the subject of close scrutiny and controversy ever since the announcement of the Meishucun Section as one of the three candidates for the Precambrian-Cambrian boundary global stratotype in 1983 (Cowie 1985) . The Meishucun Section (Kunyang Mine, near Kunming, Yunnan Province) appeared suitable for the role of global stratotype because of the high diversity of pre-trilobitic, Fig. 1 . Sulphur isotopic composition of phosphorite-bound sulphate from Meishucun superimposed on the temporal evolution of seawater sulphate as defined by evaporites (modified after Strauss & Banerjee 1998). 1, Redstone River, Canada; 2, Irecj Basin, Brazil (barite and anhydrite) (Misi & Veizersmall shelly fossils (SSF) found there and because these SSFs appear in the middle of the section, suggesting that their sudden appearance may relate to an evolutionary event (Luo et al. 1992) . A composite profile of the Meishucun section is shown in Fig. 3 . Four biostratigraphic marker levels can be widely correlated: Marker 'A' marks the 'first appearance datum' (FAD) of SSFs at Meishucun. Marker 'B' indicates a marked increase in SSF diversity and was the suggested boundary level, supposedly correlative with the base of the Tommotian in Siberia (Rozanov 1984) . Marker 'C' corresponds to a profound facies change from evaporitic dolomite to organic-rich siltstone with nodular phosphorite at its base and is associated with enigmatic geochemical anomalies (Hsü et al. 1985) related to basinwide transgression and euxinic conditions. Marker 'D', which is found in the neighbouring Badaowan Section, marks the FAD of trilobites in South China.
In 1991, the SE Newfoundland section was chosen as the global reference section for the Precambrian-Cambrian boundary (Brasier et al. 1994; Landing 1994) . Because of the shortcomings of the Newfoundland sections (Brasier et al. 1994) , global correlation of this Precambrian-Cambrian boundary level can only be carried out using trace-fossil stratigraphy, notoriously difficult in such a condensed and carbonate-rich section as Meishucun. The base of the Cambrian in Newfoundland is defined as the level where the Harlaniella podolica assemblage is replaced by an assemblage characterized by Phycodes pedum. In siliciclastic sections such as in Newfoundland, characteristic trace fossils usually mark the onset of the Cambrian prior to the appearance of small shelly fossils (SSFs). However, the first-appearance datum of Cambrian-type trace fossils may occur stratigraphically above that of Cambrian-type SSFs in carbonate-rich sections (Lindsay et al. 1996) as is the case in South China. The Meishucun Section was not chosen to be the type-section for the Precambrian-Cambrian boundary owing in part to its condensed nature and thus the possibility of significant hiatuses (Landing 1994) , and in part owing to the poor correlation potential of SSFs, many of which appear to be endemic and whose preservation potential is likely to be controlled by 'in-situ' phosphogenesis (Qian & Bengston 1989; Brasier 1990) .
Integrated stratigraphy of the Meishucun Section
At Meishucun, finely laminated dolomites of unit 1 of the Xiaowaitoushan member (Fig. 3 ) are underlain by a short succession of visibly identical dolomites of the Baiyanshao Member. These are dusty in thin-section with only minor amounts of wispy phosphate. There is no marked lithological change at the Baiyanshao-Xiaowaitoushan boundary and tightly grouped 13 C values ( 2‰ to 1.5‰) extend through Marker A to the base of the Zhongyicun Member (Brasier et al. 1990; Shen et al. 1998) . The first small shelly fossils are hyolithids of unit 1 and are of the Anabarites trisulcatus assemblage (Luo 1980) . Qian & Bengston (1989) , however, question this low occurrence of shelly fossils at Meishucun and instead place Marker A near the base of unit 3 (Fig. 3) . By comparison with Siberia, this assemblage would imply a lower Nemakit-Daldynian affinity (Brasier 1989) . The unit 2-3 boundary marks a hardground (Fig. 4b , e, f ), which also shows decimetre relief in places and phosphatized stromatolites resting on a scour surface. Units 3 and 4 consist of blue-grey, moderately thick-bedded, intraclastic, granular, 'pseudo-oolitic' and siliceous phosphorite with colour banding (dark phosphorite and light dolomite). Fossil diversity does not change significantly through units 1 to 4 and includes Anabarites, Cambrotubulus, Conotheca and Protohertzina (Xing et al. 1991) . Unit 5 is commonly found as a pervasively weathered, pale grey, thin-bedded or flaky laminated shale containing abundant pyrite, barite, glauconite and phosphate, and possibly corresponds to a deepening of the basin (Siegmund 1995) . Much of this bed can be interpreted as a reworked volcanic tuff based on the presence of volcanic minerals and textural evidence suggesting diagenesis of . lens cap is 52 mm; (b) outcrop of phosphatized microbial mats of unit 6. Lens cap is 52 mm; (c) sample Ix 21, phosphoclastic grainstone, silica cement, photo width is 2.5 mm; (d) close-up view of (c), photo width is 0.6 mm; (e) sample Ix 34, phosphatic bindstone and phosphatized microbial mats, photo width is 2.5 mm; (f ) close-up view of (e), phosphatic ooids with various nucleii, photo width is 0.6 mm. volcanic glass. From one location, a single, thin layer of bentonite has been analysed petrographically and isotopically (Compston et al. 1992) . Their zircon U-Pb ages were recalculated by Sambridge & Compston (1994) yielding a poorly constrained age of c. 530 Ma. Unit 6 marks a return to the granular phosphorites of units 3 and 4 showing numerous scour and slide structures indicating a complicated history of reworking (Siegmund & Erdtmann 1995) . Their origin as reworked parts of predominantly inner shelf environments is confirmed by the existence of distinct remnants of eroded phosphatic precursor sediments, such as early diagenetically, phosphatized SSFs, oncoids, ooids and hardground fragments. According to Landing (1994) , the China B fauna appears above an unconformity at the top of unit 6 marked by a phosphate-quartz pebble conglomerate at both the Meishucun and the Wangjiawan sections in Yunnan Province. Unit 6 belongs to the same shelly fossil zone as units 1 to 4 and contains such micromolluscs as Hyolithellus sp. and Tiksitheca licis, which are known from the pre-Tommotian of Siberia and Mongolia (Brasier et al. 1990 (Brasier et al. , 1996 . An abrupt change from thin-bedded tabular phosphorites to more massive crossbedded phosphorites occurs at the base of unit 7 accompanied by the appearance of a variety of micromolluscs such as Aldanella, Latouchella and Paragloborilus (Xing et al. 1991) . Although this assemblage would be typical of the basal Tommotian in Siberia, its appearance in Meishucun does not necessarily herald the end of the Nemakit-Daldynian (Brasier et al. 1990) , as a significant basal Tommotian unconformity is thought to exist across Siberia (Knoll et al. 1995) and a similar assemblage is found in western Mongolia accompanied by pre-Tommotian isotopic signatures (Brasier et al. 1996) . Aldanella and Latouchella are also known from levels in Newfoundland regarded as possibly preTommotian by various authors (e.g. Narbonne et al. 1987; Landing, 1994) .
Trace fossils are unfortunately rare at Meishucun. According to Luo et al., (1992) , Phycodes pedum Seilacher (which marks the base of the Cambrian system in Newfoundland) appears close to the base of unit 6 at Meishucun, which is below China B. However, the scarcity of trace fossils in condensed, carbonate-rich sections such as Meishucun sheds doubt on the use of trace fossils as global markers for the Precambrian-Cambrian boundary. Other early trace fossils such as Arenicolites sp. and Chondrites sp. occur as low as unit 3 (Xing et al. 1991) and these are also found in the Vendian (pre-Tommotian) according to Crimes (1987) . Arthropod traces Rusophycus and Cruziana appear in unit 7 for the first time at China B (Li 1991; Luo et al. 1992) while Monomorphichnus first appears in unit 6 (Xing et al. 1991) . Neither Rusophycus nor Cruziana has been found in Tommotian or Atdabanian beds of Siberia (Jensen et al. 1996) and so their presence in unit 7 of Meishucun cannot support the late Tommotian-early Atdabanian assignment for Marker B put forward by Kirschvink et al. (1991) and Corsetti & Kaufman (1994) . Global correlations based on the poor record of trace fossil appearances in the condensed carbonate-rich sections of Siberia are widely made but have become unacceptable in international stratigraphy. Rusophycus and Cruziana, however, have both been recorded from below the Bonavista Formation within the thick, trace fossil-rich, siliciclastic sections of Newfoundland. In Newfoundland, Rusophycus avalensis first appears within member 2 of the Chapel Island Formation, only 200 m above the first-appearance datum of Phycodes pedum, and is generally correlated with a level well below the Tommotian of Siberia (e.g. Narbonne et al. 1987; Landing 1994) .
Another scour surface can be observed between units 7 and 8. Unit 8 is quite a pure rhombic dolomite with minor phosphate. Pseudomorphs of evaporite minerals and bird's eye structures are suggestive of a shallow water environment with occasional restriction (Siegmund 1995) . At the neighbouring Badaowan section, an unconformable surface with large (cmdm) phosphatic clasts and nodules in a glauconite bearing siltstone overlies unit 8 and begins the Badaowan (Shiyuantou) Member. It is possible that this break is of major significance as it can be traced across South China and India (Brasier 1989), above which are found deeper water black shales of various ages and affinities, based on trilobite assemblages. For example, at Badaowan, trilobites first appear 80 m above Marker C, but they appear immediately above this break near Yichang, Hubei Province (Hsü et al. 1985) .
In sum, biostratigraphy would tend to suggest that China 'A', the first-appearance datum of small shelly fossils in South China, marks the Anabarites trisulcatus zone of the lower Nemakit-Daldynian of Siberia and Mongolia. It has been suggested that Marker 'B' marks the base of the Tommotian in South China (Rozanov 1984) . However, the discovery of a significant hiatus at the base of the Tommotian in eastern Siberia puts such correlations on less secure ground (Knoll et al. 1995; Brasier et al. 1996) . Correlations which suggest a Tommotian-Atdabdanian affinity for the whole Meishucun section (e.g. Kirschvink et al. 1991; Corsetti & Kaufman 1994) are not supported by biostratigraphy and even the trace fossil markers yield ambiguous information (Jensen et al. 1996) . Unfortunately, carbon isotope stratigraphy (Brasier et al. 1990) , magnetostratigraphy (Kirschvink et al. 1991) and chronostratigraphy (Compston et al. 1992) do not yet add greater resolution than we already possess from biostratigraphy. In the absence of biostratigraphic data to the contrary, we consider that the relevant phosphoritic part of the section, i.e. unit 3 to unit 8 is likely to be of Nemakit-Daldynian affinity, i.e. between c. 543 and c. 530 Ma, with unit 7 possibly close to the Nemakit-Daldynian-Tommotian boundary in agreement with Brasier et al. (1990) .
Samples
Geological sampling was carried out on two occasions: in 1991 ( (Siegmund & Erdtmann 1995; Shields 1996) and some relevant aspects of their geochemistry and mineralogy are given in Tables 1 and 2 . The three most common and laterally extensive forms of phosphorite are:
(1) granular (pseudo-oolitic), clastic phosphorite swimming in a cherty silica cement yielding 12-24% P 2 O 5 in general (Fig. 4a, c, d )-this type occurs in decimetre-scale beds with cross-bedding; (2) more irregularly granular, peloidal phosphorite (often wispy or partly squashed) with dolomitic cement and some siliciclastic detrital matrix (10-20% P 2 O 5 )-this type is found as pale/dark alternations of dolomite/phosphorite; (3) dolomite with small rounded phosphatic peloids and intraclastic rip-up clasts (5-10% P 2 O 5 ). Other phosphorite samples include stromatolitic, oncolitic hardgrounds (Ix 34; Fig. 4b , e, f; Z 2/3, Z23) and nodular phosphorites Further information may be found in Siegmund (1995) and Siegmund & Erdtmann (1995) . c. P 2 O 5 data represent estimated phosphate concentrations made by comparing measured data from 12 samples and thin-sections. Ce anomaly=3Ce/(2La+Nd) (Altschuler 1980) . REE data are for the 2 N HCl soluble fraction, whereas other elemental contents are bulk rock XRF data.
(Ix 40). Petrographic and geochemical analyses demonstrated that all phosphorite samples (units 3, 4, 6, 7) contained some detritus and were pyrite and organic carbon-poor. However, units 5 and 9 of Meishucun are richer in pyrite and relatively poor in phosphorite (<5% P 2 O 5 ).
Phosphate-bound sulphate
As discussed above, in order to constrain seawater 34 S with more confidence, it is becoming necessary to analyse trace sulphate in marine authigenic minerals such as carbonate and phosphate, which are generally more abundant and more likely than evaporite minerals to incorporate an open ocean signal (Strauss 1996) . Biogenic carbonate has already been used successfully for this purpose for the Neogene (Burdett 1989) and for the Mesozoic and Palaeozoic (Kampschulte & Strauss 1996, 1998) .
Sulphate is present in unaltered phosphorites at up to 2.7 wt% with the amount of substitution depending on the concentration of SO 4 2 in the aqueous phase in equilibrium with francolite (Jarvis et al. 1994) . Sulphate is substituted into the phosphate lattice with little fractionation from seawater 34 S similar to that for evaporitic sulphate minerals, i.e., about +1.5‰ (Smirnov et al. 1962; McArthur et al. 1986 S values of 32.1‰ and 31.9‰ (CDT), respectively, practically identical to those of coeval evaporites from the Siberian Platform already discussed ( Fig. 1 ; Pisarchik & Golubchina 1975; Claypool et al. 1980) . However, phosphate samples from the Permian and Eocene were exceptions and displayed anomalously high 34 S values. As is the case for sedimentary barite (Cecile et al. 1983) , phosphorite can unfortunately yield 34 S values both higher and lower than coeval evaporite successions (Benmore et al., 1983; Jarvis et al. 1994) leading to significant ambiguity of interpretation. In order for this approach to be fruitful, therefore, it is necessary to select samples which are most likely to yield seawater S isotope signatures. The interpretation of 34 S values from phosphatebound sulphate is not straightforward because redox conditions of formation and diagenesis must also be taken into account. Recent studies have concluded that sulphate bound up in the phosphate lattice may have undergone significant isotopic fractionation with respect to seawater, (e.g. McArthur et al. 1986; Jarvis et al. 1994; Poulton et al., 1998) depending on redox conditions during phosphate genesis and pyrite formation. Where phosphate precipitates or undergoes early diagenesis in a closed or semi-closed system in which pyrite is forming, the large fractionation involved in the reduction of sulphate to sulphide will serve to preferentially remove lighter sulphur from the system causing 34 S/ 32 S to increase in ambient fluids. Alternatively, the reoxidation of this pyrite can cause isotopically light sulphur to be released causing 34 S to decrease in ambient waters at the boundary between sulphate reducing and oxic conditions (Benmore et al. 1983) . In general, phosphate that forms and/or undergoes diagenesis in oxic or suboxic realms may retain a seawater 34 S signature but phosphate which was formed in parts influenced by sulphate reduction in the anoxic parts of the sediment column is likely to yield 34 S values higher than coeval seawater. McArthur & Walsh (1984) proposed that Ce anomalies might help to indicate whether significant isotopic fractionation of seawater 34 S has taken place. For example, significant Ce depletion (i.e., negative Ce anomalies) could be taken to imply oxic conditions of deposition and diagenesis, whereas no light REE fractionation could be taken to imply anoxic or suboxic reequilibration of redox sensitive species, and therefore, likely isotopic fractionation due to pyrite formation. In a later paper, however, McArthur et al. (1986) rejected the notion that either phosphate morphology and/or the presence/absence of Ce anomalies could serve as guides to likely sulphur isotopic fractionation during the genesis of sedimentary phosphate. Although phosphate Ce anomalies can indeed lend themselves to ambiguous interpretation (Holser 1997), phosphorite morphology may be a crucial criterion in determining conditions of deposition and diagenesis, and along with other criteria, such as the presence of pyrite or organic carbon, can help us establish whether the immediate environment was likely to have been influenced by sulphate reduction (e.g. Poulton et al., 1998) . The rounded clastic nature of the mostly granular S China phosphorites implies that the sediments experienced extensive and repeated reworking close to the sediment-water interface, while the pale colour and general lack of pyrite and organic matter imply that early diagenesis was not significantly influenced by sulphate reduction. Ilyin (1998) reaches a similar conclusion while attempting to explain the preservation of seawater-type REE patterns and Ce anomalies in ancient granular phosphorites, including several from the Meishucun Section. We argue that cerium ought to react more sensitively to lowering oxidation potential than sulphate, with redistribution of the REE and cerium (III) in the sediment even under suboxic conditions (German & Elderfield 1990; Holser 1997) . Therefore, the preservation of a significant, seawater-like Ce anomaly in phosphorites, lower than about 0.4 (Table 1) , can be expected to indicate an early diagenetic environment relatively unaffected by microbially mediated redox recycling and sulphate reduction. However, the absence of a significant Ce anomaly would lead to more ambiguous interpretation (McArthur et al., 1986) .
Timing of phosphogenesis
Constraining the timing of phosphogenesis is of crucial importance to determining whether non-seawater influences are likely to be detectable on the sulphate sulphur isotope ratio. Siegmund & Erdtmann (1995) found evidence for direct precipitation of apatite in the form of isopachous or spherulitic hexagonal apatite crystals in microbial mats and nodules and suspected microbial mediation throughout South China. However, at Meishucun, all the phosphorite except for rare examples of phosphatized stromatolites and nodules are interpreted to be reworked phosphatic mudstones with little 'in-situ' phosphogenesis after deposition in a demonstrably oxic environment (extensive bioturbation in all units except 5 and 9). The rounded nature of the grains derives from their exposure to a high-energy seawater environment and reworking close to the sediment-water interface, whereas their presently, uncompacted nature and early cementation (Fig. 4) indicates an early closing of the diagenetic system to further alteration and sulphate reduction at depth. This redeposition in a dynamic environment where little sulphate reduction or organic carbon burial can be established would be favourable to retaining initial sulphate sulphur isotope ratios. It is therefore argued that the Chinese granular phosphorite samples from units 3, 4, 6 and 7 at Meishucun are likely to yield 34 S values close to those of coeval seawater.
Analytical methods
All samples were crushed, picked and ground into a fine powder, which was then washed thoroughly in distilled water. Only the samples listed in Table 1 were subsequently washed in a dilute NaCl solution (Kampschulte & Strauss 1998) , in order to remove easily soluble sulphates, during which the supernate of these cleaning steps was allowed to react with BaCl 2 until no white precipitate could be detected. In this study, sample leaching was not carried out under an inert atmosphere, such as nitrogen or argon (Louie et al. 1995; Poulton et al. 1998) , something which is certainly to be recommended for all future studies. The omission of an inert atmosphere can be justified in our study as no phosphorite-rich samples yielded any white precipitate during washing, which underlines the low potential for the incorporation of sulphate from sulphide oxidation in the sample analyses. The resultant solution was centrifuged and filtered through Micropore filters. A saturated solution of BaCl 2 was added and any sulphate ions present were immediately precipitated as BaSO 4 . After about ten minutes, this liquid was filtered and the residue dried, ready for combustion. Repeated measurements of single samples show that this preparation technique resulted in isotopically homogeneous powders. XRD analyses resolved only the presence of barite. Sulphur dioxide for sulphur isotopic analyses was prepared by combusting the barium sulphate using standard techniques (Coleman & Moore 1978; Yanagisawa & Sakai 1983) at ETH Zü rich, Switzerland, at the University of Vermont, USA (Table 2 ) and at the Ruhr-Universität, Bochum, Germany (Table 1) . ETH data are not reported here as only replicate analyses were made as a check. Liberated SO 2 was cryogenically packed into 6 mm pyrex tubes. Isotopic analyses were made on VG 903, SIRA II and Finnegan MAT 251 mass spectrometers, respectively. Working gases were calibrated against internationally recognised standards. Reproducibility, as determined through replicate analyses, was generally better than 0.3‰. Sulphur isotopic compositions are expressed as per mil deviations ( 34 S) from Canyon Diablo Troilite (CDT). Bulk sulphur, magnesium, iron, aluminium, phosphorus and carbon contents were measured using X-ray fluorescence and calcination techniques (Siegmund 1995) . REE contents were measured using ICP-MS at the CGS Strasbourg on HCl-soluble leachates (Shields 1996) . Ce anomalies are reported normalized to shale (NASC of Altschuler 1980).
Results

Table 1: excavation sites A and B (Kunyang Mine)
The 34 S data are tightly grouped ranging between 31‰ and 37‰ ( Fig. 5) with one phosphate-poor outlier (Ix 31=25.3‰). There appears to be no simple relationship between 34 S and either phosphate, sulphur, organic carbon, iron or dolomite contents or Corg/S ratios (Fig. 6 ). However, with the exception of Ix 18, there does appear to be a certain correlation between seawater-type low Ce anomalies and high
34
S values. Figure 7 shows S content to be linearly correlated with P 2 O 5 content in these samples. The slope and intercept of the covariation imply that the Meishucun phosphorites contain a maximum of only 0.6% SO 4 , with sulphate ions replacing approximately 2% of phosphate ions in the apatite lattice, and confirm that there is negligible pyrite-derived sulphur. For comparison, unweathered Cenozoic francolites contain c. 32% P 2 O 5 , 52% CaO, 4% F and 2.7 0.3% SO 4 (Jarvis et al. 1994) . (Fig. 5) shows that values from Meishucun type-section are generally lower than those from excavation sites A and B. Phosphorite samples from the correlative Maidiping section in Sichuan Province (M11, M13, M20 and M21) yield similar 34 S values between 30.2 and 31.7‰. These samples can be placed stratigraphically between Markers A and B, i.e. within units 3 to 6 (following Brasier et al. 1990) . One sample from the similarly condensed Tianzhushan section in Hubei Province (T10) is also placed between markers A and B and yielded a value of 33.2‰.
Discussion
The absence of evidence for local pyritization, the distinctly early cementation (Fig. 4) , the history of reworking in oxic, marine waters, the preservation of seawater-like Ce anomalies, and consistency with other evaporite-based data for the Vendian-Cambrian lead independently to the conclusion that the high 34 S values of the Meishucun phosphorites and correlatives faithfully record the seawater sulphur isotopic composition at the time of phosphogenesis and early diagenesis, i.e. c. 33‰ ( 4‰), bearing in mind that there will have been some fractionation from seawater of about +1.5‰ (Jarvis et al. 1994) . Low outliers such as Ix 31 and Z >2/3 (Fig.  5) are consistent with the inadvertent incorporation of sulphate derived from pyrite oxidation, either during diagenesis or sample preparation.
The phosphorite 34 S values from South China are similar to those obtained from Lower Cambrian barites from South China (Wang & Li 1991), which lie between 31 and 40‰ (mean=35‰; n=20), implying that those barite deposits also formed in an environment dominated by seawater sulphate. However, both these and our data differ from those obtained by Shen et al. (1998) for five phosphate-bound sulphate analyses of Meishucun phosphorite (mean=24.2‰) and two samples of stratigraphically higher phosphorite concretions (mean=36.9‰). These data were interpreted to reflect a rise in seawater 34 S of 12.7‰ for the 'terminal Proterozoic to the early Cambrian ' (Shen et al. 1998 ). As mentioned above, there is no biostratigraphic evidence that the Meishucun Section contains phosphorite of Terminal Proterozoic age. In the absence of any detailed description of the preparation of these samples, or their precise stratigraphic positions, it is difficult to compare these data with the data herein. However, our results show no evidence of such a change, implying that the rise to high 34 S must have occurred earlier than the deposition of unit 3 of the Meishucun Section. It should also be pointed out that the highly reducing nature of the sediments and concretions overlying the Meishucunian phosphorites throughout South China would not have been an appropriate diagenetic environment for the preservation of a seawater 34 S signature (McArthur et al. 1986; Jarvis et al. 1994) as is maintained by Shen et al. (1998) .
Meishucun data in this paper show decreasing 34 S up section: 33-29‰ and c. 35-37‰ to 31.5‰ for the type section, and Meishucun A and B, respectively. Both absolute values and a subtle trend to lower values are consistent with Siberian data (Claypool et al. 1980) , for which a long term trend could be identified from c.>33‰ to c. 29‰ in Vendian-lower Middle Cambrian evaporites. According to the correlation we are following, i.e. that the Meishucun section is predominantly Nemakit-Daldynian in age, the samples herein would fit into the uppermost Vendian-Cambrian part of the Claypool et al. (1980) data from Siberian evaporites (Fig. 1) . The implication from the Claypool et al. data is that Vendian-Cambrian boundary seawater 34 S is likely to have been at least as high as 32‰, something which our study supports with a mean 34 S value of 32.8‰ (n=35) (Fig. 5) .
Absolute values from the Meishucun type-section are consistently offset lower by an average of 2‰ from the data of excavation sites A and B at Kunyang mine (Fig. 5) . Conscientious measuring of internationally recognized standards by both laboratories rules out significant interlaboratory bias. The more weathered state of the Meishucun type-section samples may have resulted in the incorporation of pyrite derived sulphate in the analyses of these samples leading to a slight lowering of the measured 34 S. However, the equally low values (30-31‰) from the pyrite-poor samples of Maidiping in Sichuan Province argue against this. It is perhaps more likely that differences between these neighbouring sections reflect primary differences in the depositional and diagenetic environments. In either case, it is advisable not to regard any particular value as most representative of early Cambrian seawater at this stage and instead rely on the mean value as the best approximation, i.e. 32‰ ( 2‰), (1.5‰ needs to be subtracted to account for fractionation during incorpoaration of seawater sulphate ions into phosphate). In this regard, it may be important to note that samples which have retained the most pronounced Ce anomalies characteristic of open seawater ( (Fig. 6) .
It is more difficult to interpret the short-term stratigraphic variations in 34 S within our more complete data set (Fig. 3) . The ocean residence time of SO 4 2 , is about 12 Ma (Jarvis et al. 1994 ) and as such is much longer than the present day ocean mixing time of about 2000 years (Holland 1984) . This means that seawater 34 S/ 32 S ratio should be the same worldwide at any one time and any changes are likely to be sluggish, even on a geological time scale. Therefore, it is difficult to imagine that, for example, the drop to lower values close to the base of unit 6 can reflect changing sulphur isotopic ratio in the oceans. These variations are more likely due to variations in the openness of the basin or in the early diagenetic environment.
High seawater 34 S and biogeochemical cycling
Data herein, and other data already published for the Cambrian, help to constrain the rise in seawater 34 S to prior Table 2 samples, one the outliers visible in the figure have not been used to calculate the mean. The mean 34 S of all phosphorites (>50% francolite)=32.8‰ (n=35).
to the Cambrian, and conflict with the views of Shen et al. (1998) . Neoproterozoic data are, however, currently insufficient to constrain the timing of this rise with more precision. Nevertheless, high 34 S values of between 25 and 32‰ from Neoproterozoic evaporites in Brazil (Misi & Kyle 1994; Misi & Veizer 1998) and the continuation of high 34 S through the Cambrian (Fig. 1 ) now make it difficult to maintain the existence of a catastrophic and geologically instantaneous rise in seawater 34 S close to the Precambrian-Cambrian boundary as proposed by Holser (1977) , and thereby remove any similarity with 34 S events in the mid-Devonian and Early Triassic periods.
What were the reasons for such high 34 S in seawater? Several authors have considered that high 34 S existed at the same time as high 13 C (up to +11‰) in the late Neoproterozoic oceans (e.g. Derry et al. 1992) . Thus, the high levels of organic matter burial, implicit from the carbon isotope record for this time, would not appear to have been balanced by sulphate reduction, thereby allowing photosynthetically produced oxygen to build up in the atmosphere (Derry et al. 1992; Shields et al. 1997) . However, it is still unclear whether anomalously high 34 S did exist at the same time in the oceans as high 13 C owing to poor stratigraphical resolution. We consider it more likely that seawater 13 C and 34 S were negatively coupled in the latest Proterozoic with the rise in 34 S paralleling a long-term decrease in 13 C. In addition, it also appears likely that at least part of this rise in seawater 34 S was caused by other mechanisms.
Canfield & Teske (1996) put forward new evidence for a significant increase in the biologically controlled isotopic discrimination between the sulphate and sulphide reservoirs sometime between 1.05 and 0.64 Ga. This increase, they maintain, was related to the evolution of non-photosynthetic, sulphide-oxidizing bacteria around this time. They argue that this evolutionary event was related to the appearance of a suboxic layer within the Precambrian water column, where these biologically mediated reduction and oxidation processes could take place. The consequence of both sulphide oxidizing and sulphate reducing bacteria working within the water column at this time would have been to increase the range of 34 S values in pyrite and might help in part to explain the rise to high 34 S values during the latter part of the Neoproterozoic without invoking greater amounts of sulphate reduction. An additional and related factor is the introduction of macrobioturbation, which is likely to have commenced sometime after 600 Ma (Brasier & McIlroy 1998) . It is well known that, for oxygen-poor sediments, bioturbation may play an inordinately significant role in the redistribution of organic matter while at the same time increasing fluxes of seawater derived oxygen (Aller 1978) and sulphate (Bloch & Kruse 1992) to this organic matter. One effect of macrobioturbation today on the sulphur cycle is to create the conditions necessary for the reoxidation of diagenetic sulphide (Fisher 1986) . Sulphide oxidation itself is rapid and does not involve any significant isotopic fractionation (Nakai & Jensen 1964) . Therefore, resultant sulphate will have the same 34 S values as the precursor pyrite and will be depleted in 32 S relative to seawater, by up to 46‰ (Chambers & Trudinger 1979) . Further reduction of this reintroduced sulphate will lead to sulphides extremely depleted in 34 S. This phenomenon of sulphide reoxidation is frequently invoked to explain the large natural variation in sulphide sulphur isotopic compositions, which show 34 S values up to 70‰ more depleted than coeval seawater (e.g. Fisher 1986; Canfield & Teske 1996; Poulton et al. 1998) . Therefore, the introduction of penetrative bioturbation would have also served to increase isotopic fractionation during the formation of pyrite in early diagenesis, thus helping to increase seawater 34 S values without the necessity for greater amounts of sulphate reduction. An additional factor which must be considered is the appearance of metazoans themselves on the surface of the Earth sometime in the late Neoproterozoic, and their flourishing close to the beginning of the Cambrian, c. 543 Ma. This aspect, although clearly of importance for biogeochemical cycling, has not enjoyed the attention it deserves. The effect of metazoan activity before the Cambrian explosion, e.g. the introduction of faecal pellets (Logan et al. 1995) , and the activity of suspension feeders such as sponges (Brasier et al. 1997) , would have served to gradually lower the redox boundary from within the water column to the seafloor (Logan et al. 1995; Shields et al. 1999) , and hence the activities of sulphurutilizing bacteria would have eventually become restricted to a position close to the sediment-water interface, much as today. Metazoans would have initially enhanced organic matter burial due to bottom water anoxia (Logan et al. 1995) , hence the extremely high 13 C values in late Neoproterozoic oceans (e.g. Derry et al. 1992; Brasier et al. 1996) . However, the subsequent introduction of macrobioturbation (Brasier & McIlroy 1998) and filter feeding would have increased the efficiency of organic matter recycling. As we have seen, sulphide reduction came to be associated with greater isotopic discriminations due to bioturbation related sulphide reoxidation. However, oxic organic decay (Brasier & McIlroy 1998) and associated sulphate reduction (Fisher 1986) would also have become more efficient due to enhanced oxygen and sulphate redistribution through bioturbation. Therefore, the distinct Neoproterozoic-Cambrian isotopic trends to high 34 S (from 15‰ to 33‰) and to low 13 C (from +11‰ to 4‰) may also be explained by a biogenically catalysed increase in organic carbon reoxidation-respiration coupled with an increase in sulphate reduction.
Conclusions
Phosphate-bound sulphate can faithfully incorporate the S-isotopic composition of ambient seawater with minor fractionation. From a comparison of our data with those in the literature, we conclude that 32‰ ( 2‰) is a reasonable minimum estimate for seawater sulphate 34 S during the earliest Cambrian or Nemakit-Daldynian (c. 540 Ma) and that 34 S is likely to have fallen during the subsequent parts of the early Cambrian to c. 28‰ by the mid-Cambrian. Present data for the upper Neoproterozoic are scarce. Nevertheless, they are consistent with a rise from a plateau of low values (<20‰) sometime after 750 Ma to the Precambrian-Cambrian boundary. Part of the rise can be explained by a change in the isotopic discrimination between sulphate and sulphide in the oceans brought on by the actions of sulphur-oxidizing bacteria, particularly after the introduction of penetrative bioturbation close to the Neoproterozoic-Cambrian transition, whereas some part may relate to the lowering of the redox boundary in seawater and consequent increases in the efficiency of organic matter degradation and sulphate reduction at this time. We consider that by constraining the beginning of the rise in seawater 34 S sometime in the late Neoproterozoic we may help to pinpoint biological events such as the introduction of bioturbation and the evolution of particular types of metazoans and their effects on global biogeochemical cycling. Further constraints on sulphur isotope stratigraphy at this time await future studies on trace sulphate in marine authigenic minerals. Only minor amounts of pyrite in the samples suggest that most of the sulphur is bound up in the francolite lattice, replacing up to 2% of the phosphate, as opposed to up to 8% in recent francolites (Jarvis et al. 1994) .
